ABSTRACT BEGGS, WILLIAM H. (University of Cincinnati, Cincinnati, Ohio), AND HERMAN C. LICHSTEIN. Repression of tryptophanase synthesis in Escherichia coli. J. Bacteriol. 89:996-1004Bacteriol. 89:996- . 1965.-The nature of the glucose effect on tryptophanase in Escherichia coli (Crookes) was investigated to test the catabolite-repression hypothesis. Under static conditions of growth in the presence of 0.005 M glucose, tryptophanase was repressed and remained so upon continued static incubation subsequent to glucose exhaustion. Aeration following glucose exhaustion under static cultural conditions resulted in rapid enzyme synthesis. In the absence of glucose, certain amino acids repressed tryptophanase synthesis early in the growth cycle under aerated conditions. An inverse relationship was observed between the concentration of acid-hydrolyzed casein and the level of tryptophanase. At 3 hr, enzyme activity in cells grown in media containing 0.05% acid-hydrolyzed casein was at least five times that of cells grown in the presence of 1% casein. Addition of 0.005 M D-or L-serine to a 0.05% acid-hydrolyzed casein medium rendered the medium capable of strongly repressing tryptophanase. Glucose-expended medium was prepared by allowing cells to grow and exhaust glucose in static culture. When this expended medium was recovered and inoculated with fresh cells not previously exposed to glucose, tryptophanase synthesis was repressed for a short period in shake culture, but in static culture enzyme synthesis was only slightly affected. When the expended medium was prepared from shake cultures, fresh cells were not repressed strongly when subsequent incubation was carried out aerobically. The tryptophan pool in glucose-repressed cells grown in shake culture was appreciably less than in cells grown in the absence of glucose or in cells undergoing synthesis of tryptophanase after exhaustion of the sugar.
Glucose and a variety of related compounds, when present in growth media, possess the ability of inhibiting certain inducible degradative enzymes in bacteria. Much of the early literature on this subject was reviewed by Gale (1943) . The work of Happold and Hoyle (1936) , Dawes and Happold (1949) , and Boyd and Lichstein (1955b) showed that the inhibitory effect of glucose involved prevention of enzyme synthesis. In recent years a number of hypotheses have been advanced to explain this phenomenon (Boyd and Lichstein, 1955b; Cohn and Monod, 1953; Spiegelman, Halvorson, and Ben-Ishai, 1955; Magasanik, 1961) .
An examination of the enzymes exhibiting glucose sensitivity (Neidhardt and Magasanik, 1956a) revealed that such enzymes catalyze reactions yielding products which in general the bacterial cell can obtain more readily via glucose catabolism. This and other studies (Neidhardt Minnesota, Minneapolis. and Magasanik, 1956b, 1957a, b) cast doubt on certain of the mechanisms proposed for the glucose effect and led to the concept of catabolite repression (Magasanik, 1961) . Briefly, this idea supposes that glucose is metabolized very rapidly by the cell, resulting in the accumulation of appreciable levels of intracellular catabolites since the rate of glucose degradation exceeds that at which the intermediates are drained off in subsequent biochemical reactions. The accumulated catabolites, then, are thought to be involved in the repressive effect. Support and extension of this hypothesis has been provided by a number of investigations Lichstein, 1960, 1962b; Magasanik and Bojarska, 1960; Mandelstam, 1961; Nakada and Magasanik, 1962; McFall and Mandelstam, 1963) .
The studies to be reported here were initiated in an attempt to test the validity of the catabolite-repression concept and to elucidate further the mechanism of the glucose effect. Tryptophanase synthesized by Escherichia coli was chosen for study, since it represents a typical inducible degiradative enzyme which exhibits glucose sensitivity. Tryptophanase catalyzes the conversion of L-tryptophan to indole, pyruvic acid, and ammonia (Wood, Gunsalus, and Umbreit, 1947) .
MATERIALS AND METHODS
Organism. E. coli ATCC 8739 (Crookes) was employed in the experiments.
Medium. The basal medium consisted of KH2-P04, 1 g; K2HPO4 , 1 g; NaCl, 1 g; MgSO4-7H2O, 0.7 g; (NH4)2SO4 , 4 g; sodium citrate, 0.5 g; acidhydrolyzed vitamin-free casein (Difco), 10 g; DL-tryptophan, 1 g; distilled water, 1 liter. The pH was adjusted to 6.8 to 7.0 prior to sterilization of the medium in an autoclave. Freundlich and Lichstein (1960) . Into test tubes (13 by 100 mm) were placed 0.2 ml of 0.2 M phosphate buffer (pH 7.8), 0.1 ml of a solution of pyridoxal hydrochloride containing 100 ,sg/ml of vitamin, 0.5 mg (dry weight) of cells, and distilled water to a final volume of 2.0 ml. After equilibration in a water bath for 5 min at 37 C, 0.1 ml of a 0.05 M L-tryptophan solution was added. Enzyme reactions were stopped at appropriate time intervals by the addition of 0.2 ml of a 25% trichloroacetic acid solution. The indole formed was extracted with 2.0 ml of toluene.
Samples of the toluene layers were pipetted into test tubes (16 by 150 mm), and to the samples were added 1.0 ml of Ehrlich's reagent (p-dimethylaminobenzaldehyde, 5 g; 95% ethyl alcohol to 100 ml) and acid alcohol (95% ethyl alcohol, 920 ml; concentrated HCI, 80 ml) to a final volume of 10 ml. After the resulting red color had developed for 20 to 30 min, the solutions were read in a KlettSummerson photoelectric colorimeter with a green (540 m,u) filter. Tryptophanase activity is expressed as micrograms of indole formed per 10 min per 0.5 mg (dry weight) of bacterial cells.
Glucose was assayed with the Glucostat reagents (Worthington Biochemical Corp., Freehold, N.J.).
Tryptophan was determined by microbiological assay, with Lactobacillus arabinosus 17-5 (ATCC 8014) as the assay organism. The assay medium was that described by Wright and Skeggs (1944) . Double-strength medium was prepared with the following modifications: cysteine was substituted for cystine, folic acid was added at a concentration of 1 mg/liter, D-biotin was added at a concentration of 2 ,ug/liter, and L-tryptophan was omitted.
Preparation of glucose-expended medium. Expended medium was prepared by inoculating 400 ml of medium, made 0.005 M with respect to glucose and contained in a 1,000-ml Erlenmeyer flask, and incubating in static culture at 37 C until the sugar was exhausted. The cells were then cleared from the culture fluid by centrifugation, and the supernatant fluid was readjusted to pH 6.8 to 7.0. Sterilization was accomplished by filtration through a Millipore filter membrane (pore size, 0.45 Iu). The filtrate was recovered and transferred aseptically to a sterile 1,000-ml Erlenmeyer flask.
Extraction of free tryptophan pool. A modification of the method of Boezi and DeMoss (1961) was used to recover free tryptophan from E. coli. Cells were harvested after the appropriate growth period by centrifugation at 4,000 X g for 20 min. The sedimented cells were then washed once with a volume of cold distilled water approximating one-tenth of the volume of the growth medium. After a second centrifugation at 4,000 X g for 10 min, the cells were suspended in distilled water, so that 25 to 50 mg (dry weight) of cells were contained in 1 ml of suspension. This material was then placed in a boiling-water bath for 10 min, and then cooled; the debris was removed by centrifugation at 13,000 X g for 10 min. The resulting supernatant fluid was assayed directly for tryptophan. RESULTS Freundlich and Lichstein (1960) Table 1 . Conditions favorable for fermentation were achieved by employing 5CO-ml Erlenmeyer flasks containing 400 ml of media and fitted with rubber plugs. Growth was poor in the absence of glucose, but after 4.5 hr of incubation a high level of tryptophanase activity la-as detected. In the presence of glucose, tryptophanase was repressed strongly and i emained repressed subsequent to exhaustion of the sugar. Increase in cell mass ceased in the glucose-containing culture at 7.5 hr, when sugar was no longer detectable. That good growth is not a prerequisite for enzyme synthesis is suggested by the results in the cultures containing no glucose. In addition, Freundlich and Lichstein (1962a, b) reported tryptophanase induction by resting-cell suspensions in the presence of Ltryptcphan and hydrolyzed casein but in the absence of glucose.
To test further the p)ossibility that glucosedegradation products are involved in tryptophanase riepression, parallel cultures were allowed to metabolize glucose in static culture; when glucose was exhausted, one of the pair was aerated for an additional period of incubation, and the other was left under static conditions. Stimulation of growth and a release of repression was cbserved in the aerated culture, whereas the culture which remained under static conditions showed continued rel)res.sion (Fig. 1) . A number of studies (Boyd and Lichstein, 1955b; Evans, Handley, and Happold, 1942; Freundlich and Lichstein, 1962b ) have established that a variety of mono-and disaccharides and certain related compounds are capable of inhibiting the biosynthesis of tryptophanase. The repressive effects of such compounds on tryptophanase synthesis were tested under fermentative growth conditions. Into each of fourteen 125-ml Erlenmeyer flasks were placed 100 ml of basal medium plus the appropriate level of the compound to be tested. The flasks were inoculated, closed with a rubber plug, and incubated for 4.5 hr, at which time the cells were recovered and assayed for tryptophanase activity. Glucose, fructose, lactose, xylose, and pyruvate all exerted a strong repression on tryptophanase synthesis, but the fermentation products calcium lactate and ethyl alcohol did not affect either growth or tryptophanase synthesis (Table 2) .
Repressive effects of amino acids on tryptophanase. Freundlich and Lichstein (1960) reported that cells grown in an acid-hydrolyzed casein medium in the absence of glucose exhibit less tryptophanase activity early in the growth cycle when incubated aerobically than when incubation is carried cut under static conditions. This effect is noted in Fig. 4 If the amino acids in the casein hydrolysate were themselves involved in repression, then lower concentrations of these nutrients in the medium might result in lesser degrees of repres- Growth (Klett units at 420 mu) was as follows: shake cultures (1.0% acid-hydrolyzed casein), 27, 89, and 144 at 3, 4, 5, and 6 hr; shake cultures (0.05% acidhydrolyzed casein), 14, 35, and 56 at 3, 4.5, and 6 hr; static cultures (1.0% acid-hydrolyzed casein), 19, 39, and 47 at 3, 4.5, and 6 hr; static cultures (0.05% acid-hydrolyzed casein), 9, 12, and 15 at 3, 4.5, and 6 hr.
sion. Four different concentrations of acid-hydrolyzed casein were tested in shake culture for their effect on tryptophanase biosynthesis in a medium containing no glucose (Fig. 2) . At 3 hr of incubation it appeared that there was indeed an inverse relationship between the level of enzyme activity and the concentration of casein, although the ultimate level of enzyme activity attainel by cells in each of the four cultures was the same. The tryptophanase activity of cells grown for 3 hr in 0.05% casein was 10 times that of cells grown in a concentration of 1 %; less than a threefold difference in growth was noted between these two cultures. With static incubation, this inverse relationship between the concentration of acidhydrolyzed casein and enzyme activity early in the growth cycle was not observed (Fig. 3) . tryptophanase activities which were high and essentially identical (Fig. 4) . At subsequent time intervals, cells from both static cultures retained high levels of activity, although the level was appreciably better in cells from the fresh medium. Expended medium prepared from static cultures failed to exert a repressive effect on tryptophanase in fresh cells. Growth was extremely poor in the static-expended culture, and yet the high level of tryptophanase activity in cells harvested from this medium suggests again that good growth is not a prerequisite for enzyme synthesis. In shake cultures, the results revealed very little. The data of Fig. 4 do not show a definite repressive effect exerted by the expended medium on fresh cells grown in shake culture analogous to that seen with fresh media containing glucose (Freundlich and Lichstein, 1960) . It was thought that perhaps the amount of potential repressor substances in the expended medium was considerably less than in fresh glucose-containing media and that by choosing the assay time intervals more carefully, it might be possible to demonstrate such an effect. This was achieved (Fig. 5) If the glucose-expended mediunm was prepared under aerobic growth conditions, it would not be expected to exert a repressive effect on fresh cells because fermentation products would not have accumulated. In the preparation of this type of expended medium, incubation was terminated after 6.5 hr, at which time the glucose was exhausted and the pH had begun to rise. A comparative study was made in which fresh medium and expended medium prepared from both static and shake cultures were tested for a repressive effect on tryptophanase synthesis (Fig. 6) . At 2.5 hr of growth, the tryptophanase activity of cells grown in the expended medium prepared from a shake culture was considerably higher than in the other two, suggesting that a lesser concentration of potential repressor was present in this medium.
Analysis of the free tryptophan pool. It was shown by Freundlich and Lichstein (1962b) Paigen (1963) reported that several amino acids, including serine, repressed galactokinase and f-galactosidase formation by E. coli. He found that these amino acids had in common the ability to inhibit growth of the organism, and suggested that they blocked anabolic processes, thus causing an accumulation of intermediates which repressed enzyme formation. In the present study, D-and I-serine were found to repress tryptophanase formation in E. coli, but growth was not inhibited. In fact, it was two to three times better in the serine-supplemented media. Chargaff and Sprinson (1943) identified pyruvic acid as an end product of the deamination of serine. Pardee and Prestidge (1955) showed that D-and L-serine deaminases were inducible enzymes in E. coli, and Boyd and Lichstein (1955a) reported a 60% inhibition of the deaminase system in E. coli (Crookes) grown in a glucosecontaining medium. Apparently, deaminase synthesis is less susceptible to glucose repression than is tryptophanase (McFall and Mandelstam, 1963) , although pyruvate is an end product of the reactions catalyzed by these enzymes. In view of these observations, it seems entirely possible that when E. coli is grown in a medium containing 0.05% acid-hydrolyzed casein plus added tryptophan and serine but no glucose, serine deaminase is preferentially synthesized to provide the cell with metabolic intermediates (pyruvate?) and that such intermediates function in the repression of tryptophanase.
A number of reports (Mandelstam, 1961 (Mandelstam, , 1962 have shown that, when growth is limited in some manner, a variety of compounds which can be utilized as carbon and energy sources are capable of repressing induced enzyme formation. It was noted in the present study that growth under static conditions in glucose-expended medium prepared from static cultures was poor and yet the cells demonstrated high tryptophanase activity. A carbon source apparently must be utilized to at least some significant degree before it is capable of serving as a sDurce of repressor.
The one interesting observation made concerning the free-tryptophan pool was the relatively low intracellular level of the amino acid in glucose-repressed cells. An argument similar to that advanced by Freundlich and Lichstein (1962b) also may be applied here. Considerably more growth had occurred by 4.5 hr in the glucose-containing medium than in the medium containing no sugar. In the culture containing glucose there would be an increased requirement for proteinbuilding materials and, hence, it is reasonable to suppose that there would be a smaller pool of free tryptophan.
The comparatively low level of intracellular tryptophan found in glucose-grown cells may in part contribute to the low tryptophanase activity found in such cells. Perhaps the intracellular level of tryptophan in glucose-grown organisms is too low for optimal induction. This is highly speculative, but it does not seem unreasonable that a reduction in the level of internal inducer might contribute some fraction of the total repressive effect.
An overall consideration of the evidence presented here leads to the conclusion that the concept of catabolite repression offers a completelv reasonable explanation of the glucose effect. It is felt that the present work has broadened the concept by suggesting that a wide variety of compounds whose metabolism may involve common intermediates are capable of serving as a source of repressor substance for certain catabolic enzyme systems.
